Reactive phosphonic acids as prebiotic carriers of phosphorus by Graaf, R.M. de et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/29145
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
J Mol Evol (1997) 44:237-241
JOURNALOF rnOLECUUVR
EVOLUTION
©  Springer-Ver)ag New York Inc. 1 9 ^ ) 7
Reactive Phosphonic Acids as Prebiotic Carriers of Phosphorus
R.M. De Graaf, J. Visscher, Alan W. Schwartz
Evolutionary Biology Research Group, Faculty of Science, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, The Netherlands 
Received: 22 July 1996 / Accepted: 13 September 1996
Abstract. Phosphonic acids are the only phosphorus- 
containing organic compounds detected in the Murchi­
son meteorite, We earlier described the synthesis of 
methyl-, hydroxy methyl-, and l-hydroxyethyl phos­
phonic acids using sodium phosphite as a source of phos­
phite radicals. We now show that ultraviolet irradiation 
of dilute aqueous solutions of acetylene in the presence 
of sodium phosphite leads to the synthesis of vinyl phos­
phonic acid. At neutral to basic pH, vinyl phosphonic 
acid reacts under photochemical conditions to produce 
phosphonoacetaldehyde and 2-hydroxyethyl phosphonic 
acid as the major products, as well as smaller yields of 
1-hydroxyethyl phosphonic acid, phosphonoacetic acid, 
and ethyl phosphonic acid. Of these products, phospho­
noacetaldehyde is particularly interesting as a potential 
precursor of prebiotic carbohydrate derivatives.
Key words: Prebiotic chemistry — Nucleotide ana­
logues — Phosphonic acids — Photochemistry — Ri- 
bose
introduction
Methyl, ethyl, and probably several higher alkyl phos­
phonic acids have been shown to be present in samples 
of the Murchison meteorite (Cooper et al. 1992). This 
observation raises several questions which are of interest 
from the point of view of cosmochemistry and in regard 
to questions concerning the origins of life. Firstly, which 
reactions and precursors could have produced the 
observed compounds on the meteorite parent body? Sec-
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ondly, could similar reactions have occurred on the pre­
biotic Earth? Thirdly, could these or related phosphorus- 
containing molecules have played a role in the origin of 
life? In a first approach to answering some of these ques­
tions, we have recently reported that hydroxyalkyl phos­
phonic acids are synthesized when formaldehyde or 
simple alcohols are irradiated with ultraviolet light in the 
presence of sodium phosphite, The synthesis probably 
involves recombination of phosphite radicals with hy­
droxyalkyl radicals (De Graaf et al. 1995). When a 
source of methyl radicals such as acetone is present, 
methyl phosphonic acid, which is present in the highest 
concentration in Murchison samples, is also produced. 
Phosphorous acid is considered to be a plausible prebi­
otic source of phosphorus due to its hydrolytic produc­
tion (via hypophosphorous acid) from the mineral 
schreibersite (Gulick 1955). Schreibersite is well known 
in iron meteorites but is also thought to have been an 
early condensate in a cooling solar nebula (Fegley 1980) 
and has also been observed in stony meteorites (Keil 
1969). An additional plausible source would be via hy­
drolysis of elemental phosphorus, which may have been 
outgassed during core formation in the early Earth 
(Schwartz 1972),
As a possible synthetic route to ethyl phosphonic acid, 
and because C2 compounds are interesting starting materi­
als in prebiotic chemistry, we have studied the addition of 
phosphite radicals to acetylene. In the present paper we 
report the formation of vinyl phosphonic acid via this 
route. We also describe the production, from vinyl phos­
phonic acid, of phosphonoacetaldehyde, phosphonoace­
tic acid, ethyl-, 1-hydroxyethyl-, and 2 -hydroxyethyl 
phosphonic acids. Phosphonoacetaldehyde is the phos­
phonic acid derivative produced in highest yield and is 
an extremely interesting potential prebiotic precursor.
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Fig, 1. Production of vinyl phosphonic acid (VPA) by irradiation of
10 mM Na^PC^ in the presence of acetylene, The yield is based on 
phosphorus. Concentrations of acetylene were between 5 and 8 m M  (see 
text). The slope of the linear plot shown gives an overall quantum yield 
of 0.12 (the long irradiation times reflect the use of a long-pathlength 
cell).
Materials and Methods
Dowex AG 50W-X8 (50-100 mesh, H+) was purchased from Bio-Rad 
and DEAE-Sephadex from Pharmacia, Sodium phosphite (Na2KP0 3) 
was from BDH. Calcium carbide, bromoacetaldehyde diethylacetal, 
ethyl phosphonic acid, phosphonoacetic acid, trimethylsilylbromide, 
triethyl phosphite, and vinyl phosphonic acid were from Aldrich. N- 
methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) was from Pierce 
and 2,4-dinitrophenyl hydrazine (2,4-DNPH) was from Sigma.
'H-NMR spectra were obtained using a Bruker AC-100 or AM-400 
spectrometer. Chemical shifts (5) are given in parts per million (ppm) 
referenced to tetramethylsilane. 3lP-NMR spectra were obtained using 
a Bruker AM-400 spectrometer. Chemical shifts are given in ppm 
referenced to trimethylphosphate.
Orthophosphate analyses were performed by the method of Chen et
al. (1956).
Irradiations. Acetylene was generated from calcium carbide and 
purified by passage through two wash flasks containing saturated mer­
curic chloride in 1 m  HC1 (Fieser and Fieser 1956). A stock solution 
was prepared by passing the acetylene stream tlirough degassed water 
and was standardized by titration following the procedure of Barnes 
and Molmini (1955). Solutions containing acetylene and sodium phos­
phite were prepared from degassed water (under Ar) and were irradi­
ated in a 5.0-cm-pathlength cuvette at 25°C using the apparatus previ­
ously described (De Graaf et al. 1995). Irradiations of vinyl phosphonic 
acid (1 m M ; pH adjusted with NaOH) were carried out (under Ar) by 
direct immersion of the lamp in 100 ml of the degassed solution, 
contained in a cylindrical reaction vessel and thermostated at 25 °C.
HPLC Analysis of Phosphonoace(aldehyde as the 2,4-ONPH De­
rivative. To 0.5-ml samples of irradiated solutions was added 0.5 ml of
2.5 m M  2,4-DNPH in 2 m  HC1. After 30 min at room temp. 20 jjlI was 
injected onto a Merck LiChrospher 100 RP-18 column (25 cm). Elution 
was with 0.02 M KH2P04 (pH 4.0) for 5 min at 60 ml/h followed by a 
linear gradient of 100% 0.02 m KH2P04 (pH 4.0) to 100% MeOH/ 
water (3:2) in 25 min. Peak detection was carried out at 360 nm.
Gas Chromatography (GC) and GCMS. All products were analyzed 
as tritnethylsilyl (TMS) derivatives. Irradiated samples (5,0 ml) were 
passed through a column of Dowex 50 (H+, 10 x 0.8 cm) and evapo­
rated under vacuum. To dried aliquots containing one-fifth of the prod­
uct, 20 jx l toluene (containing 0.01 M phenanthrene as internal stan­
dard) and 40 fxl MSTFA were added and the mixture was incubated at 
room temp, for 15 min, GC was performed with 1-pA aliquots injected 
onto a 30-meter DB-17 capillary column (0.25 mm), using a tempera­
ture program of 80 to 230°C at 5°C per min with He as carrier gas. Peak 
detection was by flame ionization (Varian Star 3400). GC-MS was 
performed on a Varian Saturn system using a 30-m DB-5 column (0.25 
mm) and a temperature program of 110°C isothermal for 4 min, fol­
lowed by 110 to 260°C at 5°C per min. Mass spectra were obtained by 
electron impact (70 eV).
All identifications of products were made on the basis of GC-MS 
comparison with authentic standards or synthesized compounds.
Synthesis
Diethyl Phosphonoacetaldehyde Diethylacetal (Dawson and Burger 
1952). A mixture of 77.8 g (0.52 mol) triethyl phosphite and 102,8 g 
(0.52 mol) bromoacetaldehyde diethylacetal was refluxed with continu­
ous distillation of the produced ethylbromide for 3.5 h. Purification was 
by distillation under vacuum, yielding 75.5 g (0.32 mol, 61%) diethyl 
phosphonoacetaldehyde diethylacetal. Boiling point 85-87°C (0.5- 
mm),
'H-NMR (CDC13): 6 1.2 and 3.5 (2t and 2q, PO ^H ,), 1.3 and 4. \ 
(2t and 2q, C0C2H5j, 2.2 (dd, 2H, CH2, J = 5.8 Hz J *  18.5 Hz)r 4.9 
(q, 1H, CH, J = 5,8 Hz J = 5 Hz).
Phosphonoacetaldehyde. To 1 g (4.2 mmol) diethyl phosphono­
acetaldehyde diethylacetal in 15 ml dimethylformamide was added 3.3 
ml (25 mmol) trimethylsilylbromide. After heating the mixture for 2.5 
h at 50°C, 5 ml water was added and the mixture was subsequently 
heated for another half hour at 50°C. The mixture was evaporated to an
oil. Purification was by ion exchange chromatography on DEAE- 
Sephadex using a triethylamine bicarbonate gradient (0.02 to 0,15 m ) 
yielding 1.3 g (4.0 mmol) phosphonoacetaldehyde as a triethylamine 
H+ salt.
'H-NMR (DMSO-d6): § 1.2 and 3.0 (6t and 6q, NC2H5), 2.75 (dd* 
2H, CH2, J = 3.9 Hz J — 20.4 Hz), 9.5 (t, 1H, CH, J = 5.9 Hz). 
mP-NMR (D20): S 11.56 (m, phosphonoacetaldehyde) S 20.27 (m, 
phosphonoacetaldehyde hydrate).
To identify phosphonoacetaldehyde as the oxime, we used a modi­
fication of the method of Anderle et al. (1977). To 3 ml of a 1 mM 
solution of phosphonoacetaldehyde, 1 ml of a freshly prepared solution 
of recryslallized hydroxylamine in water (30 punal ml”1) was added 
and evaporated under vacuum. The residue was dissolved in 150 jjlI of 
water and 50 jxl of the solution was transferred to a Pierce reaction vial 
and dried under vacuum. To the dried residue in 10 p,! of a freshly 
prepared 0.75 M hydroxylamine in pyridine was added and heated at 
75°C for 30 min. After cooling to room temp. 20 jxl MSTFA was added 
and after 15 min at room temp. 1 jxl was injected for capillary GC-MS. 
Isomer peaks with identical mass spectra were observed. We assign 
(m/e [relative intensity %]): 355 (14) M+, 340 (37) M-15 loss of methyl 
group, 428 (15) M+73 addition of TMS cation (see, for this kind of 
observation, Harvey and Homing 1973; Harvey et al. 1970), 73 (100) 
TMS.
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Fig, 2. Suggested mechanisms for the for­
mation of products. A Formation of vinyl 
phosphonic acid by addition of a phosphite 
radical to acetylene. B Formation of phos- 
phonoacetaldehyde by recombination of a 
hydroxyl radical with u vinyl phosphonic 
acid radical.
2-HydroxyethylphosphoiucAcid. To 100 mg (0.36 mmol) phospho- 
noacetaldehyde (triethylamine H+ salt) in 10 ml water was added 270 
mg (7.2 mmol) sodium borohydride. The mixture was stirred for half an 
hour at room temperature with evolution of hydrogen gas. Excess so­
dium borohydride was destroyed by adding Dowex 50 H+. The result­
ing slurry was added to a Dowex 50 H+ column (10x2 cm) and eluted 
with water. The filtrate was evaporated to dryness and coevaporated 
twice with methanol to remove boric acid. The 2-hydroxyethylphos- 
phonic acid produced (38 mg, 0.3 mmol, 84%) was a colorless oil.
Mass spectra of 2-hydroxyethylphosphonic acid as a TMS deriva­
tive (m/e [%]): 342 (3) M+, 327 (100) M-15 loss of methyl group, 415 
(2) M+73 addition of TMS cation, 73 (98) TMS.
1H-NMR (D20): 8 1.9 (dt, 2H, CH2P, J = 7.2 Hz J = 19.2 Hz), 
3.65 (dt, 2H, OCH2, J - 7.2 Hz J = 16.8Hz). 31P-NMR (D2Ot H- 
decoupled): 27.4 (s).
Hydroxymethyl Phosphoric Acid (HMPA), HMPA was prepared by 
a modification of the procedure of Griffiths and Tebby (1976). Triox- 
ane and PC13 were reacted in the presence of HC1 as described, with the 
substitution of chloroform for carbon tetrachloride. Because hydrolysis 
with water appeared to be incomplete, we hydrolyzed the residue with
1.5 M HC1 at 130°C (Parr bomb) for 16 h. After evaporation, an oil was 
obtained which gradually crystallized to produce the final product 
(melting point 80-81°C).
‘H-NMR (CD3OD): 8 3.76 (d, 2H, CH2, JHJ, = 7.4 Hz). 31P-NMR 
(CD^OD): S -24.2 (t, Jw>/, = 7.4 Hz); H-decoupled 5 -24.2 (s).
Mass spectra as TMS derivative (m/e [%J): 328 (6) M+, 313 (100) 
M-15 loss of methyl group, 401 (2) M+73 addition of TMS cation, 73 
(63) TMS.
I-Hydroxyethyl Phosphonic Acid (I-HEPA). I-HEP A was prepared 
by a modification of the procedure described by Plaga et al. (1988). The 
crude product was dissolved in water and extracted three times with 
dichioromethane. The water layer was neutralized with ammonia and 
evaporated to dryness. The residue was dissolved in methanol and 
treated under reflux with activated charcoal. After cooling and filtering 
over celite, the solution was evaporated to dryness to produce an oil. 
GC of the trimethylsilyl derivative showed that the product was al least 
90% chromatographically homogeneous.
Mass spectra of the TMS derivative (m/e [%]): 342 (6) M+, 327 
(35) M-15 loss of methyl group, 415 (8) M+73 addition of TMS cation, 
298 (43) M-44 rearrangement, 73 (100) TMS.
1 H-NMR (D20): 5 3.49 (dq, 1H, CHOH, J//(/> = 6.2 Hz, Ju2 = 7.0 
Hz), 0.97 (dd, 3H, CH3, J„p = 16.0 Hz, J21 = 7.0 Hz).
Results and Discussion
Vinyl phosphonic acid (VPA) was easily detectable by 
capillary gas chromatography as the major phosphorus-
containing organic product produced during the irradia­
tion of acetylene in the presence of 10 mM Na2HP03 
(Fig. 1) and accounted for 4.4% of the initially present 
phosphite after 15-h irradiation (5,0-cm cuvette). Acety­
lene is soluble in water to the extent of 47 mM at 20°C 
and atmospheric pressure (Kroschwitz 1991). Because it 
is very difficult to avoid losses of the gas while diluting 
and manipulating standardized solutions which are close 
to 10 mM in acetylene, we determined the concentration 
in samples after irradiation as well as in control samples
PH
Fig. 3. Photolysis of VPA. Yields for the compounds indicated were 
determined by capillary gas chromatography 01* HPLC as described in 
the text and are plotted as a function of the pH as measured after 4-h 
irradiation. The starting concentration of VPA was 1 mM. PAL, 
phosphonoacetaldehyde; 2-HEPA, 2-hydroxyethyl phosphonic acid; 
1-HEPA, 1-hydroxyethyl phosphonic acid; PAA, phosphonoacetic 
acid.
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Fig. 4. Comparison of pathways for the generation of ribose derivatives. A Synthesis of ribose-2,4-diphosphate as reported by Muller et al. (1990). 
B A suggested analogous synthesis of ribose-2 ,4-diphosphonic acid starting with phosphonoacetaldehyde.
which were not irradiated. In all cases (six samples) the 
acetylene concentrations determined were between 5 and 
8 mM. In spite of this variation, a roughly linear progress 
curve was obtained (Fig. 1). We estimated the overall 
quantum yield of VPA to be 0.12 (the flux in the cell was 
4.3 x 10”9 einstein min_I ml"1). The mechanism of for­
mation of VPA is probably a simple addition of a P03 
radical to acetylene (Fig. 2A), analogous to the addition 
of a hydroxy radical (Leffler 1993).
Because hydration of VPA could produce some inter­
esting new phosphonic acids, we photolyzed the com­
pound at pH values ranging from about 7 to 11. The 
results are summarized in Fig. 3. The major organic 
products identified were phosphonoacetaldehyde (PAL) 
and 2-hydroxyethyl phosphonic acid (2-HEPA), which 
together accounted for 17% of the VPA at the highest pH 
(10.6). Also formed in significant amounts were 1-hy- 
droxyethyl phosphonic acid (1-HEPA), phosphonoacetic 
acid (PAA), and ethyl phosphonic acid (EPA). In addi­
tion to these products, inorganic phosphate accounted for 
45 to 55% of the total consumption of VPA (data not 
shown). A part of the starting material was also con­
sumed in the production of soluble, ill-defined oligo­
mers, which were not visible in our GC analyses but 
could be detected by ^-NMR. These amounted to more 
than 40% at the lowest pH values but decreased to under 
20% at the highest values (data not shown). Although the 
production of inorganic phosphate was independent of 
pH, the yields of the organic products shown in Fig. 3 
tended to increase with increasing pH, an effect which 
may be related to the extent of polymerization of the 
starting material. The oxygenated products of the pho­
tolysis of VPA may be accounted for by addition of an 
OH radical to VPA (for 1-HEPA and 2-HEPA) and for 
PAL by the recombination suggested in Fig. 2B.
Acetylene has been detected in interstellar space and 
is formed as a major product in spark discharge experi­
ments with mixtures of methane and water vapor 
(Mourey et al. 1981). Reasons for viewing phosphorous 
acid and its salts as a prebiotic reagent have already been 
given. We suggest that both exogenic and endogenic 
sources of phosphorous acid could plausibly have led to 
the presence on the early Earth of reactive phosphonic 
acids such as those produced in the present study. It is 
significant that all products are formed under a wide 
range of pH values, although yields increase with pH. 
Natural environments with an extremely high pH are 
very rare, although pH 10 is exactly centered in the range 
of bicarbonate-carbonate buffers and is typical of certain 
arid alkaline soils (Rosier and Lange 1972).
Phosphonoacetaldehyde, the major organic product 
obtained by photolysis of VPA, is a highly interesting 
compound. Its reactivity makes it a potential starting ma­
terial for a variety of prebiotic phosphonic acids. In par­
ticular, it is an analogue of glycolaldehyde phosphate and 
can be expected to have roughly similar chemical prop­
erties. Figure 4 compares the sequence of reactions re­
ported by Miiller et al. (1990) for the synthesis of ribose- 
2,4-diphosphate from glycolaldehyde phosphate with an 
analogous set of reactions beginning with phosphono­
acetaldehyde and leading to ribose-2 ,4-diphosphonic 
acid, We expect that this ribose derivative may be ob­
tainable from phosphonoacetaldehyde under similar con­
ditions. Preliminary experiments indicate that the first 
condensation shown with formaldehyde occurs readily. 
We shall be examining the chemistry of these and related 
compounds in future work.
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